approximating the E-wave contour, whereas mitral annular velocity has only been characterized by EЈ-wave peak amplitude. The fact that E-waves convey global DF information, whereas annular EЈ-waves provide longitudinal DF information, has not been fully characterized, nor has the physiological legitimacy of combining fluid motion (E)-and tissue motion (EЈ)-derived measurements into routinely used indexes (E/EЈ) been fully elucidated. To place these Doppler echo measurements on a firmer causal, physiological, and clinical basis, we examined features of the EЈ-wave (and annular motion in general), including timing, amplitude, duration, and contour (shape), in kinematic terms. We derive longitudinal rather than global indexes of stiffness and relaxation of the left ventricle and explain the observed difference between E-and EЈ-wave durations. On the basis of the close agreement between model prediction and EЈ-wave contour for subjects having normal physiology, we propose damped harmonic oscillation as the proper paradigm in which to view and analyze the motion of the mitral annulus during early filling. Novel, longitudinal indexes of left ventricular stiffness, relaxation, viscosity, and stored (end-systolic) elastic strain can be determined from the EЈ-wave (and any subsequent waves) by modeling annular motion during early filling as damped harmonic oscillation. A subgroup exploratory analysis conducted in diabetic subjects (n ϭ 9) and nondiabetic controls (n ϭ 12) indicates that longitudinal DF indexes differentiate between these groups on the basis of longitudinal damping (P Ͻ 0.025) and longitudinal stored elastic strain (P Ͻ 0.005).
DIASTOLIC HEART FAILURE, in contrast to systolic heart failure, commonly refers to heart failure with a preserved ejection fraction (38, 51) . Because of its prevalence, this form of heart failure is becoming increasingly recognized (37) and was the diagnosis in up to 49% of heart failure admissions (9) . Diagnosis of diastolic dysfunction and diastolic heart failure is largely empiric and employs a myriad of imaging-based indexes, relies on subjective clinical signs and symptoms of heart failure in the setting of a normal left ventricular (LV) ejection fraction (LVEF), and lacks both a firm conceptual/physiological basis from which imaging-based indexes have been derived and in vivo validation. The clinical and physiological picture is further complicated by the onslaught of phenomenological, imaging-based (echo, MRI) longitudinal and azimuthal indexes (annular displacement and velocity, strain, strain rate, torsion, etc.) of LV diastolic function, whose relation to global diastolic function indexes and the physiological "big picture" has not been established (44) .
Current state of diastolic function analysis. Noninvasive diastolic function assessment is commonly achieved by twodimensional pulsed Doppler echocardiography (3, 33) . Diastolic function is commonly evaluated via transmitral flow and/or motion of the mitral annulus with or without consideration of the pulmonary vein flow pattern. Selected geometric features of the E-and A-wave [i.e., ratio of peak E-wave to peak A-wave velocity (E/A), deceleration time (DT), etc.] have been correlated with the presence of dysfunction (2) ; however, their utility in characterizing intrinsic properties of the LV such as relaxation and stiffness is limited, and they neglect the information contained in the entire curvilinear shape of the E-wave contour (19) . Furthermore, E/A and similar indexes are load dependent (3) .
Doppler tissue imaging (DTI) has more recently been used to aid in diastolic function evaluation (41, 42) . With the sample volume positioned at the (septal or lateral) mitral annulus, continuous annular velocity (EЈ) can be measured. Because the apical epicardium remains fixed relative to sternal structures, EЈ is a direct measurement of the rate of change of LV dimension in the longitudinal direction (i.e., EЈ ϭ dL V /dt, where L V denotes the long-axis dimension of the chamber and t is time). During early rapid filling, the EЈ-wave is inscribed, and during atrial filling, the AЈ-wave is inscribed. Myocardial (tissue) motion is less load dependent than transmitral (fluid) flow (15, 31, 32) . Currently, the only DTI feature measured is the peak amplitude of the EЈ-wave, and the only DTI-associated index with widespread use is E/EЈ, even though the peaks of E-and EЈ-waves are not simultaneous (26) . Commonly measured aspects of the E-wave such as acceleration time (AT), DT, E-wave duration, and velocity-time integral (VTI), and the physiological information they convey have not been integrated into analysis of the EЈ-wave specifically or annular motion in general.
Because all ventricles initiate filling by mechanical suction, the ability to mathematically predict E-wave contours from a kinematic model is one way to state the diastolic function problem (25) . This approach, termed the parameterized dia-stolic filling (PDF) formalism, provides global indexes of diastolic function by using the clinical E-wave contour as input and computes the (unique) spring constant (k), initial spring displacement (x o ), and damping constant (c) of an equivalent simple harmonic oscillator (SHO). The physiological analogs of x o , c, and k are the VTI of the E-wave, chamber viscosity and relaxation, and chamber stiffness, respectively (23) . The model has been extensively validated and applied in numerous clinical scenarios characterized by hypertension (24) , diabetes (11, 40) , and heart failure (30, 39) , as well as peak transmitral (atrioventricular) pressure gradient characterization (5) .
By utilizing idealized ventricular geometry and the "constant volume attribute" (8) of the four-chambered (and two-chambered) heart to relate fluid (E-wave) to tissue motion (EЈ-wave), the empirically observed linear correlation between E/EЈ and left ventricular end-diastolic pressure (LVEDP) has been causally elucidated (26) . However, no other prior attempts have been made to mathematically predict the contour and other properties of the EЈ-wave either in physiological or kinematic terms.
The kinematics of longitudinal motion of the mitral annulus can be appreciated by considering an idealized geometry of simultaneous radial and longitudinal expansion. During transmitral flow, the LV wall thins and the endocardium moves toward the epicardium [shown by cine-MRI short-axis slices to be relatively fixed (4) ]. Because of the incompressibility of the LV wall and the (within ϳ5%) constant-volume attribute of the normal four-chambered heart [i.e., reciprocating atrial and ventricular volumes during systole and diastole (8) ], the radial motion (wall thinning) must be accompanied by simultaneous longitudinal mitral annular motion toward the LA (the epicardial apex remains fixed relative to sternal structures) (26) . For simplicity and ease of visualization, the geometric and volumetric aspects of mitral annular motion and transmitral flow during early rapid filling can be modeled in terms of a right circular cylinder having fixed height and fixed outer (epicardial) dimension. It is subdivided into atrial and ventricular segments having radius r and lengths L A and L V , respectively (Fig. 1) . On the basis of this geometric approximation, LV volume is described by the following expression:
Because LV tissue volume is conserved, the time rate of change of LV chamber (blood) volume can therefore be expressed as the combination of the radial and longitudinal rates of change in epicardial chamber dimensions:
The first term accounts for the rate of epicardial displacement in the radial (short-axis) dimension, which, because the epicardial dimension is essentially constant throughout filling (26) in normal subjects, is deemed negligible compared with the longitudinal rate. A recent cardiac MRI study (48) has shown that the ϳ5% decrease in the volume enclosed by the pericardium during mechanical systole is primarily due to a decrease in the radial dimension of the pericardial/epicardial contour of the LV (the "crescent effect") and is recovered during the E-wave (and pulmonary vein D-wave volume) primarily through radial displacement of the epicardial surface. Consequently, expansion of the LV in the longitudinal (long-axis) dimension with concomitant wall thinning is the dominant kinematic degree of freedom during filling in the normal heart. The second term on the right side incorporates the longitudinal velocity of the mitral annulus, dL V /dt, which is routinely measured by DTI as EЈ. Because the sum of left atrial and LV volumes is (nearly) constant throughout the cardiac cycle (7), the relation of the EЈ-wave to the E-wave (see Fig. 1 ) can be expressed as:
where MVA denotes the effective mitral valve area, (A Ϫ MVA) represents the effective cross-sectional area of the mitral annulus, and EЈ and E denote the instantaneous mitral annular and transmitral flow velocities, respectively, as functions of time (for simplicity, septal and lateral annular velocities are approximated as equal and any azimuthal variations are deemed small) (26) . Hence, as Eq. 3 indicates, the legitimacy of E/EЈ as an index of diastolic function is a direct consequence of the (near) constant-volume property of the two-chambered heart and the fact that tissue and blood are incompressible (8, 26) . Because E-wave contours are predicted by the kinematics of SHO motion to good accuracy, and because the two-chambered heart is a constant volume pump to very good approximation, we hypothesized that the EЈ-wave contour must similarly obey the kinematics of SHO motion. We therefore analyzed mitral annular EЈ-waves in accordance with the kinematic rule of damped harmonic oscillation and determined longitudinal indexes of chamber stiffness and viscosity/relaxation. Because annular motion is not constrained by a rectifier, requiring motion in one direction only (in contrast to transmitral blood flow, which is rectified by closing of the mitral valve after the E-wave, during diastasis), it may oscillate about a baseline until it is damped out. Annular motion also permits Fig. 1 . Atrioventricular geometry idealized as a cylinder emphasizing the longitudinal (long-axis) motion of the annulus and simultaneous wall-thinning as the primary mechanism by which diastolic filling volume is accommodated in the normal heart. Exterior height is constant in agreement with fixed anatomical distance between epicardial apex and mediastinal attachment of posterior left atrial/pulmonary veins. Exterior (epicardial) cross-sectional areatesting of the model-predicted phenomenon of diastolic "ringing" of the chamber in the longitudinal direction and assessment of its physiological significance. To determine utility of longitudinal diastolic function indexes for phenotypic characterization of (preclinical) diabetic cardiomyopathy in subjects with normal LVEF, we analyzed EЈ-waves in diabetic and nondiabetic controls and carried out a subgroup exploratory analysis by comparing longitudinal diastolic function index values between the groups.
METHODS
Patient selection. A sample of 21 subjects, 12 nondiabetic and 9 diabetic, was selected from an existing database (27) of simultaneous high-fidelity (Millar) ventricular pressure, Doppler echocardiographic recordings of transmitral flow, and DTI recordings of the lateral mitral annulus. Subjects' ages ranged from 35 to 75 yr (61.5 Ϯ 10.6 yr). The groups did not differ significantly with respect to age, height, weight, race, gender, heart rate, or LVEF. Inclusion criteria were LVEDP Ͻ 18 mmHg, LVEF Ն 55%, 1 Ͻ E/A Ͻ 2, normotensive, normal sinus rhythm, clearly discernible E-waves and annular velocities/oscillations, and normal valvular function. Subjects having comorbidities including, but not limited to, previous myocardial infarction, wallmotion abnormalities on ventriculography, active ischemia, cardiomyopathy, congestive heart failure, or renal insufficiency were excluded. The controls were chosen with the intent to match as closely as possible the demographics of the diabetic group, including race, sex, age, height, weight, and history of smoking. It is also notable that all nondiabetic subjects had normal DTs (Յ220 ms) (31) and normal time constants of isovolumic relaxation (Ͻ50 ms). Elective cardiac catheterization was performed in all subjects at the request of their referring physician on the basis of suspected coronary artery disease (CAD), and a comparable percentage of subjects in the diabetic (33%) and normal group (25%) had presence of angiographically diagnosed CAD. All subjects gave informed consent in accordance with a protocol approved by the Washington University Medical Center Human Studies committee before data acquisition.
Data acquisition. The methodology has been previously described (27) . Briefly, immediately before cardiac catheterization, a full twodimensional/Doppler examination is performed in the catheterization laboratory. Transmitral flow velocity acquisition was performed simultaneous with LV pressure recording as previously described (27) . None of the subjects had substantial narrowing of the coronary arteries (Ͼ50% narrowing) or active ischemia at the time of data acquisition. After advancement of the micromanometric 6-Fr, dualpressure transducer, pigtail catheter (Millar Instruments, Houston, TX, model SPC-560) into the LV, transmitral Doppler images were obtained by an experienced sonographer using a standard clinical imaging system (Acuson, Mountain View, CA) with a 4-MHz transducer. With the patient supine, apical four-chamber views were obtained with the sample volume gated at 1.5-2.5 mm and placed at the tips of the mitral valve leaflets with the insonification direction orthogonal to the valve plane by using color Doppler as a guide. The wall filter was set at 125 or 250 Hz with the baseline adjusted to take advantage of the full height of the cathode-ray tube display, and the velocity scale was adjusted to exploit the dynamic range of the output without aliasing. Simultaneous limb lead II ECG was displayed on all images. Images were captured simultaneously with LV/aortic root pressure data and recorded continuously via VHS or magneto-optical disk. DTI was performed with the sample volume gated at 2.5 mm for most of the subjects and positioned at the lateral side of the mitral annulus. DTI for four of the subjects was performed with larger sample volumes (5, 8, and 9 mm). Previous studies incorporating DTI have employed sample volume sizes ranging from 2 to 10 mm (7, 12, 16, 29, 31, 32, 42). However, on the basis of our own experience, the most consistent DTI images are achieved with a sample volume of 2.5 mm. All images were digitized offline via a dedicated custom video capture station.
Doppler analysis. For each subject, five DTI cardiac cycles containing EЈ-and EЉ-waves were selected, clipped, and converted to eight-bit grayscale images with Paint Shop Pro 7 (Jasc Software, Minnetonka, MN). Conventional echocardiographic parameters AT, DT, duration, and peak velocity were measured manually for both the EЈ-and EЉ-waves selected from each subject and averaged. DT was calculated by standard triangle approximation for EЈ-and EЉ-wave shape (14) . Analysis of the EЈ-wave was performed via model-based image processing according to previously validated methods (16, 21) . This method minimizes the nonlinear least-squares error between the model-predicted velocity and the actual EЈ-wave contour via the Levenberg-Marquardt algorithm (34) . The program uses the maximum velocity envelope of the raw image (EЈ-wave) as input and generates three unique parameters, cЈ, kЈ, and x oЈ, as output. The parameters are defined by the equation of motion for a SHO:
where cЈ (g ⅐ cm/s) and kЈ (g ⅐ cm/s 2 ) denote the damping constant and spring constant of the system, respectively. The parameter xoЈ (cm) represents the initial displacement of the spring before release and corresponds to the longitudinal elastic strain stored in the myocardium and surrounding structures available at mitral valve opening that facilitates longitudinal mechanical recoil (25) . Corresponding to no volume entering the ventricle before valve opening, the initial velocity (dxЈ/dt) of the oscillator is zero. The inertial term m (g) is set to 1 to enable the computation of cЈ and kЈ per unit mass. Additional SHO derived indexes include kЈx oЈ, the peak force driving the longitudinal motion, 1/2kЈxoЈ 2 , the stored elastic strain energy associated with longitudinal motion, and ␤Ј, where ␤Ј is defined by ␤Ј ϭ (cЈ 2 Ϫ4mkЈ), which assesses the relative contributions of longitudinal stiffness and damping in determining annular motion.
Hemodynamic analysis. Mean arterial pressure was determined from the simultaneous aortic root pressure, and LVEDP was determined from the simultaneous LV pressure tracing (5) . The time constant of isovolumic relaxation (tau) was calculated by using the pressure "phase plane" [i.e., the plot of the first derivative of pressure (dP/dt) vs. pressure (P)] by computing the inverse of the slope of the line fit between the minimum value of dP/dt [(dP/dt) min] and the point on the plot before mitral valve opening (13) .
The case of nonsinusoidal DTI waveforms. From the known relation between spring constant and period of oscillation, longitudinal stiffness can be derived from EЈ-wave duration (EЈ dur) as kЈ ϭ 2 /EЈdur 2 . This requires neither a sinusoidal EЈ-wave contour nor the presence of an EЉ-wave. If the EЉ-wave exists, longitudinal relaxation (damping) can be determined from the equation cЈ ϭ Ϫ2 ⅐ [ln (EЉ peak/ EЈpeak)]/(tEЉ Ϫ tEЈ) by fitting a decaying exponential from the peak of the EЈ-wave to the peak of the EЉ-wave. Alternatively, if the EЉ-wave is absent, cЈ may be approximated by considering the EЈ-wave as a critically damped sine wave. As a result, cЈ may be determined from kЈ by the equation cЈ 2 ϭ 4kЈ. The critically damped assumption is preferable to an overdamped assumption in these cases because it determines the value of cЈ in terms of kЈ as a specific number, whereas the overdamped assumption only provides a lower limit on possible values for cЈ. Although we recognize that this assumption has limitations, the EЈ-waves we observed that were not followed by an EЉ-wave did not appear to be more than slightly overdamped, if at all, giving us confidence that the critically damped approximation is reasonable. Accordingly, the presence of the EЉ-wave and subsequent oscillations that can be well fit by damped sinusoids is not essential for the derivation of indexes of longitudinal relaxation and stiffness. methodological approach to analyzing longitudinal diastolic function and characterizing "longitudinal ringing" of the ventricle had been developed. Assessment of the clinical utility of longitudinal indexes of diastolic function in these groups was a logical next step considering that differences in global parameters have been previously reported in diabetic subjects vs. nondiabetic controls (humans and animals) by applying the PDF formalism to the Doppler E-wave (11, 40) . As such, the group of diabetic subjects and nondiabetic controls discussed in this study represent the only groups in which we assessed longitudinal diastolic function.
The values of all DTI measurements, parameters, and indexes analyzed for both groups are shown in Table 1 . Although neither EЈ-or EЉ-wave peak amplitude nor EЈ/EЉ ratio was significantly different between the diabetic and control subjects, the longitudinal damping parameter cЈ obtained by analysis of the EЈ-and EЉ-waves was significantly greater in the diabetic group (P Ͻ 0.025). Interestingly, the separation in time between the EЈ-and EЉ-wave peaks (t EЉ Ϫ t EЈ ), a component of the expression for longitudinal damping, was significantly less in the diabetic group (P Ͻ 0.024). The parameter x o Ј (P ϭ 0.005) and index 1/2kЈx o Ј 2 (P ϭ 0.025) were also significantly less in the diabetic subjects. The values of kЈ, kЈx o Ј, and ␤Ј were not significantly different between groups, although kЈ was close to significance (P ϭ 0.10). Intraobserver variation was assessed by twice fitting five representative EЈ-waves of varying shapes from both the normal and diabetic group. The coefficients of variation (6) for cЈ, kЈ, x o Ј, and t EЉ Ϫ t EЈ from these 10 fits were determined to be 2.5, 5.1, 6.5, and 1.5%, respectively. The maximum variations in cЈ, kЈ, x o Ј, and t EЉ Ϫ t EЈ for these fits were 5.3, 7.8, 11.3, and 4.3%, respectively.
DISCUSSION
Cardiac anatomy and physiology. The potential clinical importance of the echocardiographic assessment of mitral annulus motion was first suggested by Zaky et al. (50) , who also noted that the annular motion often exhibits a reversal in direction after the initial recoiling of the ventricle as manifested by the EЈ-wave. Much later, Isaaz et al. (19) used Wiggers' (49) original notation for sequential events in the cardiac cycle to describe the continuous, alternating atrially directed and apically directed motion of the mitral annulus throughout the cardiac cycle and hypothesized that the balance between stored elastic potential energy and kinetic energy in the ventricular and atrial free wall plays a role. These investigations, performed before the availability of DTI, also noted subsequent waves (denoted J1 and J2) following the EЈ-wave in some subjects. However, the pioneering observations of Isaaz et al. did not extend to kinematic analysis of the shape of the waves, the potential information the waveforms contained in stiffness and relaxation terms, the connection to governing principles such as the (near) constant volume property of the heart, or the relation between global and longitudinal indexes. To complement and extend the previous descriptive approaches (19, 21, 22, 46, 47, 49, 50) , a quantitative, kinematics-based method of diastolic function assessment views the chamber at end systole as a compressed elastic element (spring) to which an inertial load is attached (23) . During mechanical diastole, the simultaneous process of muscle relaxation (Ca 2ϩ sequestration) and recoil (due to restoring forces contributed largely by titin and the extracellular matrix) generates the atrioventricular pressure gradient that allows the LV to initiate early rapid filling by mechanical suction (dP/ dV Ͻ 0) (25) .
Although the establishment of the atrioventricular pressure gradient initiates transmitral flow, the stored strain energy in the chamber wall causes the layers of the LV wall to untwist and the chamber to expand in the longitudinal direction, manifesting as motion of the mitral annulus (the apex remains essentially fixed in space). End-systolic strain energy stored in the left atrial wall and in the LV (titin, extracellular matrix) causes apical displacement of the roots of the great vessels, etc. Because transmitral flow can be modeled in analogy to the kinematics of a recoiling spring (4, 23), whose motion is coupled to the motion of the annulus according to the approximate constant volume property of the left atrium and LV as described by Eq. 3, it is reasonable to model the annular velocity contour as an oscillator. Both annular motion and transmitral flow may therefore be described as either underdamped or overdamped oscillations; however, transmitral flow is rectified by the closing (coaptation) of the mitral valve (as seen on M-mode images during diastasis), whereas annular motion is not rectified. Examination of DTI displays (for certain patients) often reveals continued oscillation (i.e., ringing of the lateral mitral annulus during early filling); that is, there are one or more oscillations of the annulus relative to the baseline following (and continuous with) the EЈ-wave, as previously noted (19) . These oscillations (which we denote as EЉ-wave, Eٞ-wave, etc.), like the EЈ-wave, usually have contours that can be closely approximated by the equation of motion for a damped SHO (Eq. 4). Furthermore, each successive oscillation exhibits a reduced amplitude from the prior oscillation in analogy to the kinematics of underdamped oscillation. Therefore, by modeling these oscillations as those of a damped linear spring released from rest (EЈ ϭ 0 at mitral valve opening), it should be possible to derive noninvasive indexes of longitudinal LV stiffness, relaxation (damping), and stored elastic strain from the contour of successive annular oscillations in analogy to the PDF formalism's fit to transmitral flow.
Increased damping in the diabetic heart. Although this study is the first application of the PDF formalism to longitudinal diastolic function of the normal and diabetic human heart, Dent et al. (11) applied the method to E-waves of rats with strepto- Values are means Ϯ SD. EЈ and EЉ, peak amplitudes of EЈ-and EЉ-waves, respectively; tEЉ Ϫ tEЈ, separation in time between EЈ-and EЉ-wavepeaks; cЈ, damping constant; kЈ, spring constant; xoЈ, initial displacement of spring before release. *EЉ-waves were present in 7 of the diabetic subjects. Bold type indicates significance.
zotocin-induced diabetes and Riordan et al. (40) applied it to E-waves of diabetic humans, obtaining similar results. In partial concordance with this study, these investigators obtained significantly higher values for c (global damping), kx o (force generated by peak atrioventricular pressure gradient), and 1/2kx o 2 (stored global strain energy) in their respective diabetic groups compared with nondiabetic controls, whereas no significant differences were observed for k or x o (although x o was somewhat close to significance) (11) . The index ␤ was increased (less negative) in the study of Riordan et al. Although we do not know whether the E-wave-derived parameters c or x o or index 1/2kx o 2 are significantly greater in the diabetic subjects than in their nondiabetic cohorts in this study, the fact that cЈ (longitudinal damping) is greater in the diabetic group than in the nondiabetic control group suggests that the same, or similar, pathophysiological mechanisms affect both longitudinal and global chamber function during filling in both the animal model of diabetes and the presence of historically established diagnosis of diabetes in normotensive humans. In essence, increased longitudinal damping should translate into increased global damping (as measured via the E-wave contour) under the assumption that damping in the radial dimension does not diminish.
In kinematic terms, the parameter cЈ represents the lumped viscoelastic (resistive) properties associated with longitudinal expansion of the LV chamber. Its physiological analog includes sources of energy loss that oppose longitudinal motion during filling, which are discussed at length by Dent et al. (11) and Riordan et al. (40) . Although cЈ is influenced by a variety of factors, including blood viscosity, extracellular matrix viscosity, delayed relaxation, dynamic friction associated with sarcomere lengthening, and pericardial effects, the most probable explanation for its increase in the diabetic subjects is likely delayed myocyte relaxation and ventricular remodeling. Impairment of calcium reuptake by the sarcoplasmic reticulum may cause delay and damping in ventricular relaxation. In addition, alteration of LV molecular and cellular properties, manifesting as glycosylation of proteins and collagen and advanced glycosylation end products, is known to occur in the diabetic heart (20) . Disorganization of the extracellular matrix has also been reported in the diabetic heart (43, 45) .
The decreased values of x o Ј (which manifests as the EЈ-wave VTI) and 1/2kЈx o Ј 2 in the diabetic group suggest that the stored longitudinal strain in the myocardium at the end of isovolumic relaxation is less in diabetic subjects. The fact that kЈ and kЈx o Ј did not differentiate between groups is due to most of the difference being in x o Ј rather than kЈ, which was increased in the diabetic group (but not statistically significant). The decreased x o Ј and 1/2kЈx o Ј 2 in the diabetic subjects is counterintuitive considering that Dent et al. (11) and Riordan et al. (40) reported higher values for x o and 1/2kx o 2 in diabetic rats and humans, respectively. However, it may imply that increased radial strain energy is stored in the presence of increased longitudinal damping in the LV. In other words, radial diastolic function (recoil) may be enhanced as a compensatory mechanism in the presence of impaired longitudinal diastolic function. Future research is in progress to elucidate the relationship between radial and longitudinal diastolic function.
Some of the observed oscillations deviated in shape from damped sinusoidal patterns (Fig. 2B) . Although these contours still appear reasonably sinusoidal, they sometimes are marked by a slightly longer AT than DT, slightly elongated (blunted) peaks, and various other features. Although this variation of shapes may in part be due to variation of sample volume location or the (unknown) contribution of torsion, shear, and inhomogeneity of relaxation to annular motion, it underscores that we do not fully understand the detailed (nonlinear) kinematics of annular motion that generate these patterns. However, even if the contours of some oscillations are not exactly sinusoidal, the dominant geometric features of these oscillations, such as amplitudes and durations, may still be used to derive indexes of longitudinal stiffness and relaxation independently of an idealized, piecewise linear spring model. For example, the duration of the EЈ-wave is effectively a statement of longitudinal stiffness, because the duration of the EЈ-wave is linearly related to the square root of the tissue stiffness (m is set to 1) in healthy subjects without significant damping (23) . Neglecting viscous effects (no damping), LV stiffness has previously been derived from the geometry of the E-wave (DT, specifically) (28) . Accordingly, it is reasonable to expect that analysis of the geometric features of annular oscillation waveforms will similarly allow improved characterization of longitudinal stiffness and relaxation in the LV.
In examining the DTI images of other patients in our database, we observed a number of subjects in whom subsequent oscillations of the mitral annulus were nonexistent (only the EЈ-wave was visible). It should be noted that Isaaz et al. (19) also observed normal subjects without oscillations follow- ing the EЈ-wave. This absence of additional oscillations (nonringing) of the mitral annulus in certain subjects with otherwise normal function may convey aspects of LV diastolic function in terms of stiffness and relaxation that have additional physiological correlates. These correlates remain to be fully elucidated. It is likely, however, that loss of the diastolic ringing feature in follow-up studies indicates alteration of diastolic function.
We do not yet know why certain patients exhibit oscillations of the mitral annulus and others do not. However, for every patient we have examined, with or without secondary (EЉ) annular oscillations, relative to the QRS complex as a fiducial marker, the onset of the E-and EЈ-waves have coincided, although the EЈ-wave has always terminated before the E-wave (19) . Because, for a SHO, 2 ϭ k/m and oscillation duration is D ϭ 2/, stiffness is inversely proportional to E-and EЈ-wave duration. Because global stiffness (K global ) is the sum of parallel elastic elements having radial and longitudinal (anatomical) components (i.e., 1/K global ϭ 1/K radial ϩ 1/K longitudinal ), their algebraic sum requires that longitudinal stiffness be numerically greater than the global stiffness. This is what we observe, because the shorter EЈ-wave duration implies that the longitudinal stiffness of the LV (as measured by kЈ) is greater than its global stiffness (k). Similarly, we predict that that the analog of radial stiffness of the LV should be numerically greater than the global stiffness.
Furthermore, in each of these patients, the EЈ-wave peaks before the peak of the E-wave (19) and the EЉ-wave terminates either before or simultaneously with the termination of the E-wave at the mitral valve annulus (Fig. 3) . These preliminary observations naturally raise several physiologically and clinically interesting questions such as the following: 1) What is the relationship between longitudinal oscillations and prolonged or shortened DT? 2) Is it possible to have transmitral flow in the absence of longitudinal displacement and still adhere to the constant volume attribute of the heart (i.e., can the LV fill by radial displacement only)? 3) What is the physiological significance of additional oscillations following the EЈ-wave? 4) What is the role of the atrium in determining the presence or absence of subsequent oscillations?
Limitations. It is possible that the deviation of the shape of the EЈ-wave and its oscillations from that of a damped sinusoid in some patients may be due to sample volume positioning during DTI. However, neither the position nor the size of the sample volume should affect the existence of annular oscillations.
In this study, only DTI of the lateral annulus was obtained, rather than the septal, anterior, or posterior aspects because, in general, it is echocardiographically easier to localize the sample volume at this location and thereby minimize the likelihood of including tissue (myocardial) velocities. We caution that because of the known saddle shape of the annulus, the motion of its septal or other aspects may differ somewhat from the motion of the lateral annulus. Specifically, other investigators have found that the peak velocity of septal EЈ-waves is generally lower than that of lateral EЈ-waves (1, 19, 35) . Our prior observations indicate that EЈ and oscillations of the septal aspect of the annulus are generally of lower amplitude than those of the lateral mitral annulus and sometimes are not observed, even though oscillations of the lateral mitral annulus may be seen in the same subject. Consequently, mitral annular oscillations during early filling are a likely feature of the septal side as well but may be more damped owing to the geometric and kinematic constraints imposed by adjacent structures such as the septum and the aortic root. It is important to note that our modeling approach (the model, equations, methodology of computing parameters, etc.) does not depend on which aspect of the annulus is imaged.
A limitation may be thought to arise from the fact that subjects with catheterization-proven CAD were included. The inclusion of subjects with CAD may affect diastolic filling through ongoing ischemia; however, none of the subjects had critical stenoses, active ischemia, or wall-motion abnormalities as evidenced by normal LVEF by ventriculography. Longitudinal damping and stored strain energy did not significantly differ between subjects with and without CAD, both in the normal and diabetic group, which strongly suggests that the presence of anatomical CAD did not bias our results. When patients with CAD were eliminated from both groups (the groups were still well matched demographically), the significant difference in longitudinal damping was maintained. In addition, we note that patients with other risk factors were excluded to maintain the historically established diagnosis of diabetes as the primary clinical differentiating feature between the two groups.
Unfortunately, the number of years since each diabetic subject had been diagnosed with diabetes was not available. Therefore, we cannot comment on the sensitivity of the longitudinal indexes of diastolic function to duration of diabetes. Note that EЈ-wave peak precedes E-wave peak and that end of EЉ-wave coincides closely with end of E-wave at the annulus. This pattern is typical of the close temporal alignment of annular motion and transmitral flow measured at the annulus in normal diastolic function. HR, heart rate. See text for details.
In conclusion, by considering diastole in kinematic terms as being governed by the rules of damped oscillatory motion and invoking the (near) constant-volume attribute of the twochambered heart, it is not only possible to extract model-based global indexes of chamber stiffness and relaxation/viscosity from the E-wave but also to extract analogous indexes accounting for longitudinal diastolic function. Furthermore, for nonrectified motion such as ringing of the annulus, the kinematic paradigm predicts and agrees with observed continued damped oscillations in subjects with normal diastolic function. This approach provides a new quantitative window on the physiology of diastole and offers a kinematic paradigm in which to view, analyze, and predict the motion of the mitral annulus: as damped, sinusoidal waves following (and continuous with) the EЈ-wave. By modeling the EЈ-wave according to the motion of a damped SHO, indexes of LV longitudinal stiffness (kЈ), relaxation/damping (cЈ), and stored elastic strain (x o Ј) can be determined. The clinical utility of longitudinal indexes of diastolic function was assessed in a subgroup exploratory analysis. The indexes cЈ, x o Ј, and 1/2kЈx o Ј 2 differentiated between diabetic and nondiabetic subjects, whereas longitudinal diastolic stiffness (kЈ) did not. In cases in which DTI waveforms are not sufficiently sinusoidal, indexes of longitudinal stiffness and relaxation may still be derived from geometric aspects of the waveforms, such as their amplitudes and durations, as proposed.
This work is a necessary first step in expanding the previous descriptive observations of others (19, 21, 22, 46, 47, 49, 50) in achieving a new longitudinal kinematic diastolic function assessment approach (i.e., a model based on how things move) having practical clinical utility. The approach permits quantitative elucidation of the relationship between global, radial, and longitudinal indexes of diastolic function. By analyzing longitudinal and, later, radial diastolic function as components of global diastolic function, we can begin to understand the effects of certain pathologies (i.e., diabetes, ischemia, hypertrophy, etc.) on radial and longitudinal motion of the LV. Specifically, we can determine whether primarily radial function, longitudinal function, or both are compromised in these cases and the extent to which radial or longitudinal motion compensates for the impairment of the other. These relationships have not yet been elucidated. Future work should aim to account for the nondominant, radial, and azimuthal components of filling to fully characterize the relationship between global diastolic function and that of its components.
